Chromosomal patterns of DNA methylation were analysed by in situ digestion with restriction endonucleases in different stages of the life cycle in the grasshopper Eyprepocnemis plorans: 10-dayold embryos, last instar male nymphs and adults of both sexes. The results show that the nucleolus organizing region (NOR) located distally on the B chromosome is not methylated in embryos or in gastric caeca of adult males and females, but it is methylated in ovariole cells and spermatocytes in both last instar nymphs and adults. Demethylation of the B-NOR during early embryogenesis is proposed for the observed methylation pattern in embryos. Despite variation in methylation status through the life cycle, rRNA genes contained in the B-NOR were never observed to be active, which indicates that DNA methylation is not the direct cause of their inactivity. Other causes such as chromatin structure or repression by genes on A chromosomes are suggested.
Introduction
Increasing evidence has been accumulated in recent years for a role of methylation of cytosines within CpG dinucleotides in the regulation of gene expression in eukaryotes (Razin & Riggs, 1980; Bird, 1986; Cedar, 1988; Yeivin & Razin, 1993) . This has become apparent, for instance, from the usual correlation between expression and under-methylation (Chapman et a!., 1984; Ariel et a!., 1991) and from changes in methylation patterns during development (Frank et a!., 1991; Shemer et a!., 1991; Fronk et a!., 1992) .
The differential sensitivity to methylation shown by certain restriction endonuclease isoschizomeres (e.g.
MspI and HpaII) has become a powerful tool for analysing methylation patterns not only at a molecular level but at a chromosomal level too. From the introduction of cytological techniques for in situ digestion of chromosomes with restriction endonucleases (Kaelbling et a!., 1984) extensive use has been made of this new approach to induce chromosome banding in eukaryotic chromosomes (see Lopez-Fernandez et a!., 1991, for review) and to analyse DNA methylation *Correspondence 296 patterns at the chromosome level (Bianchi et a!., 1986;  Lopez-Fernandez et a!., 1989; Prantera & Ferraro, 1990; Lopez-LeOn et a!., 1991; Loebel & Johnston, 1993; Suja eta!., 1993) .
From the first demonstration that DNA methylation may regulate the activity of the rRNA genes in a rat hepatoma cell line (Tantravahi et a!., 1981) , the phenomenon has been extended to other organisms such as, for instance, peas (Watson et a!., 1987) , wheat (Flavell et a!., 1988) , frogs (Ruiz & Brison, 1989 ) and mice (Suzuki et a!., 1992) . Interestingly, DNA methylation also seems to be involved in the inactivation of extra rRNA genes contained in a supernumerary chromosome segment that has arisen from amplification of a nucleolus organiser region (NOR) in the grasshopper Pyrgomorpha conica (Suja eta!., 1993) .
The grasshopper Eyprepocnemis plorans shows an extensive polymorphism for B chromosomes in natural populations along the Spanish southern Atlantic and Mediterranean coasts (Camacho et a!., 1980; Henriques-Gil et a!., 1984) characterized by the existence of more than 40 different B variants (HenriquesGil & Arana, 1990; López-León eta!., 1993) and the absence of drive for the three more abundant B-types (Lopez-LeOn et a!., 1992) . The observation of a male carrying the B2 chromosome fused to the largest auto-some and showing the presence of an additional active NOR distally located on the B itself, suggested the presence of rRNA genes on this B chromosome that are usually inactive but had been reactivated by the chromosomal rearrangement (Cabrero et at., 1987) . Additional studies showed that the distal third of the B2 chromosome (where the latent NOR is located) was methylated in normal nonfused Bs that lack NOR activity, but it was not in the fused B that showed NOR activity (López-León et a!., 1991), thus showing the typical methylation-inactivity correlation.
Since the results of Cabrero eta!. (1987) and LopezLeon et a!. (1991) were observed in spermatocytes, and given the dependence of DNA methylation on cell type and developmental stage (see above), we planned the present work in order to analyse methylation patterns on the B2 chromosome in embryos and different adult tissues. This is, to our knowledge, the first attempt at the chromosomal level to ascertain the developmental regulation of gene expression by means of DNA methylation.
Materials and methods
Adult males and females of Eyprepocnemis plorans were collected in Salobreña on the coast of Granada (Spain) and reared as heterosexual pairs in culture laboratory cages in order to obtain embryo offspring following the technique described in LOpez-LeOn et a!. (1992) . Females were injected with 0.01 mL 0.05 per cent colchicine in insect saline solution for 6 h prior to fixation of ovariole and gastric caecae in 3:1 ethanol: acetic acid. Testes were fixed before a colchicine pretreatment, similar to that in females, in order to fix male gastric caeca (Viseras et a!., 1990) . Egg-pods were incubated for 10 days at 28°C and embryos were dissected out of the eggs and immersed in 1 mL of 0.05 per cent coichicine in insect saline solution for 1 h. One mL of distilled water was then added for hypotomc shock for 10 miii and then the embryos were fixed in 3:1 ethanol: acetic acid. All fixed materials were stored in a refrigerator at about 4°C. In addition,. several eggpods were incubated to term in order to obtain adult offspring, of which several individuals were fixed at the last instar nymph stage. Chromosomal preparations of adult tissues (testes and gastric caeca in males, and ovarioles and gastric caeca in females) were made by squashing in 50 per cent acetic acid and subsequently removing coverslips after freezing the preparations in liquid N2. Chromosomal preparations of embryos were obtained by the method described in Camacho et at. (1991) . NOR activity was analysed by the silver impregnation technique of Rufas et a!. (1982) . During male meiosis, this technique reveals the nucleoli attached to the active NORs during prophase I. In adult somatic and embryonic tissues, however, NOR activity has to be analysed in early mitotic prophases where chromosome identification is more difficult, because the nucleoli are not visible in later stages. For this reason, sequential silver impregnation and C-banding were performed to facilitate the identification of chromosomes showing active NORs, by means of the technique described in Pardo et a!. (1993) . Chromosomal methylation patterns were determined by in situ digestion with the MspI and HpaII restriction endonucleases, following the methods described in Sentis et a!. (1989) and LOpez-Leon et a!. (1991) . In situ hybridization with a ribosomal DNA probe was performed following the technique described in LOpez- Leon eta!. (1994) .
Results
In Situ hybridization showed that the B chromosome possesses, located in its distal third, the largest cluster of ribosomal RNA genes in the complement (Fig. 1), including those in chromosomes 9, 10, 11 and X, which are usually the only active NORs in testes (Cabrero et al., 1987) , and minor usually inactive rRNA gene clusters in centromeric regions of the remaining chromosomes. The analysis of chromosome methylation patterns in embryos showed that the B-NOR possesses abundant CCGG targets since it is clearly digested by MspI (Fig.   2a ). The fact that this chromosome region was also digested by HpaII (Fig. 2b) demonstrated that the B-NOR is not methylated in embryo cells. However, sequential silver impregnation and C-banding of early mitotic prophase cells showed that the B-NOR is inactive in 10-day-old embryos (Fig. 2c) . Methylation and activity patterns of the B-NOR were the same in embryos that had inherited the B chromosome from the mother and those that had inherited it from the father.
A similar result was obtained in a somatic tissue (gastric caeca) in last instar nymph and adult individuals of both sexes: the B-NOR was digested by MspI and HpaII suggesting its under-methylation, and sequential silver impregnation and C-banding showed that this NOR is not active in these cells (Fig. 3a) .
In gonads, however, the result was different. In spermatocytes (Fig. 3b) and ovariole wall cells (Fig. 3c) (the first being germ cells but the second being somatic cells) the B-NOR was digested by MspI but not by Hpall thus indicating high levels of DNA methylation. However, the B-NOR was not active in either type of cell.
The B chromosome shows a relatively high frequency of spontaneous translocations (always centric fusions) with A chromosomes, so that several cases have already been described (Henriques-Gil et al., 1983; Cabrero et al., 1987) . In fact, in populations with a high frequency of B chromosomes, e.g. Salobreña, in almost every year there appears one or more individuals carrying a new centric fusion (Lopez- .4 Fig.3 Selected B chromosomes from Eyprepocnemis plorans adults, treated with MspI(1), Hpall (2) and silver impregnation (3 and 4). In gastric caeca mitotic cells from both males and females, the B chromosome region harbouring rRNA genes (the distal third) is digested by both enzymes (la and 2a) but does not show nucleolar activity (3a). In spermatocytes at diplotene and ovariole wall mitotic cells, this B chromosome region is digested by MspI(lband lc)but not by HpaII (2b and 2c)and does not show signs of nucleolar activity (3b and 3c). In diplotene spermatocytes from an exceptional male showing a spontaneous centric fusion of the B chromosome and the longest autosome (chromosome 1) (reported in Cabrero et a!., 1987) , the distal third of the B chromosome was digested by both MspI (id) and HpaII (2d), and showed a prominent nucleolus (nu) in about half of the primary spermatocytes at diplotene (3d) and the spermatogonial cells at mitotic prophase (4d). In a female carrying a spontaneous centric fusion between the B chromosome and the smallest autosome (chromosome 11), the distal region of the B in mitotic metaphase ovariole wall cells was digested by both enzymes (le and 2e) thus suggesting absence of DNA methylation, but sequential silver impregnation and C-banding in prophase cells showed absence of nucleolar activity (3e).
Leon et a!., unpublished). The case of the B chromosome fused to the largest autosome described in Cabrero et a!. (1987) was very interesting because this chromosome rearrangement seemed to cause the reactivation of the B-NOR in spermatocytes and it was paralleled by a low level of DNA methylation (Lopez- Leon et al., 1991) . To illustrate this case, we have included here Fig. 3d which shows B-NOR digestion with both MspI and HpaII and a nucleolus attached to the distal part of the fused B.
We have recently had the opportunity to analyse a female that carried a B chromosome fused to the smallest autosome, the NOR-carrying chromosome 11.
The results for this fused B were different from the former in that, although it was digested by both restriction endonucleases (thus showing low methylation level), the B-NOR was always inactive, which contrasted with the activity of the standard NOR in chromosome 11 (Fig. 3e) .
Discussion
Changes in DNA methylation level during embryogenesis have been observed for repetitive DNA (Chapman et a!., 1984) and for both tissue-specific and housekeeping genes (Cedar & Razin, 1990 ). Molecular techniques have also shown the involvement of DNA methylation in regulating the activity of rRNA genes in rats (Tantravahi eta!., 1981) , mice (Bird eta!., 1981) , peas (Watson et al., 1987) , wheat (Flavell eta!., 1988) and frogs (Ruiz & Brison, 1989) . In two of these cases a relationship was observed between the level of methylation of rRNA genes and the developmental stage (Watson eta!., 1987) or age (Ruiz & Brison, 1989) . The present results demonstrate that the NOR distally located on the B2 chromosome of E. plorans is not methylated in 10-day-old embryos (irrespective of whether it has been transmitted via male or female), at a level detectable by chromosome in situ digestion with MspI/HpaII restriction endonucleases. This indicates that the B-NOR is demethylated during early embryonic stages prior to the tenth day of development, a fact that has been reported in mice by means of molecular techniques (Frank et al., 1991; Shemer et al., 1991) .
Since methylation is clearly apparent in gonadal tissues in both sexes but not in gastric caeca, the B-NOR is methylated de novo during gonadal development.
Despite the observed changes in the level of methylation for the B-NOR in E. plorans, they were not strictly correlated with gene expression, because B-rRNA genes were always inactive irrespective of their methylation status. The only exception was observed in a B fused to the longest autosome that was not methylated and formed a nucleolus in about half of the diplotene cells (López-León et al., 1991) . In the cells analysed in the present work belonging to embryos and somatic tissues from adults, the B-NOR was not methylated but inactive. This indicates that methylation is not the direct cause of the repression of the rRNA genes carried by the B chromosome.
Similar hypomethylation in both active and nonactive tissues has been reported for some genes in vertebrates (see Yeivin & Razin, 1993 , for review).
Likewise, no methylation causes the decrease in niRNA and protein synthesis occurring in chioroplasts during leaf growth and senescence (Tomás et a!., 1992) . A direct correlation between methylation and expression has been reported even for the MGMT gene in humans (Pieper et a!., 1991; Wang et a!., 1992) . The existence of other factors besides methylation for regulation of the level of expression and switching of the human globin genes has recently been suggested by Loo & Cauchi (1992) . In this context, several recent results suggest that inhibition of transcription by DNA methylation is an indirect effect (Boyes & Bird, 1991) and that chromatin structure is a dominant determinant in maintaining the inactive state of genes (Weih eta!., 1991) .
In the case of E. plorans, the existence of low levels of methylation in the promoter regions of rRNA genes in the B, that would be undetectable by the present chromosomal analysis, cannot be ruled out as a cause of the B-NOR inactivity. However, this does not explain why the apparently unmethylated fused B reported in López-León et a!. (1991) showed NOR activity in certain diplotene cells but not in others, unless differential promoter methylation occurs between diplotene cells, and this is unlikely. Furthermore, the fact that the NORs on the standard chromosomes 9, 10, 11 and X were active in less than 100 per cent of diplotene cells (Cabrero et a!., 1987) indicates that the activity pattern was rather similar in standard and B-NORs of that individual, and suggests the possibility that rRNA genes in this fused B were submitted to the same control mechanisms operating on the remaining rRNA gene clusters.
The B chromosome when fused to other autosomes, e.g. the smallest one, also seems to escape from de novo methylation, but it never shows NOR activity in either spermatocytes (P. Arana, personal communication) or ovariole cells (this paper). Thus, DNA methylation is unlikely to be the only cause of the inactivity of the B-NOR.
Although it is necessary to study additional cases of Bs fused to other standard chromosomes before reaching a definitive conclusion, the present data suggest that the nonmethylation of the B-NOR in fused Bs and its reactivation are separate matters. Two possibilities to test in future work are (i) that different B fusions produce different changes in the chromatin structure of the B-NOR so that only some of them facilitate its expression, and (ii) that the longest autosome contains a gene(s) close to the centromere that is involved in the general regulation of NOR expression (presumably repressing the B-NOR) and that this gene is affected by the presence of the fused B, which is heterochromatic, by means of a position effect.
